Abstract. We present V and I photometry of the globular clusters Terzan 9 and NGC 6453 for the first time, and also of NGC 6139.
Introduction
A major question in stellar population studies concerns the transition regions between bulge, thick disk and halo of the Galaxy. Globular clusters are tracers to investigate this question. In particular the formation scenario and extent of the bulge are not yet established (e.g. Armandroff 1989; Larson 1990; Minniti 1995; Spergel et al. 1996) .
CCD data in the last decade are forming a more consistent picture of the spatial distribution and intrinsic properties of clusters in the central regions of the Galaxy.
The properties of 16 out of 17 known clusters within 5
• of the Galactic center were gathered and discussed in
Send offprint requests to: B. Barbuy Observations collected at the European Southern Observatory -ESO, Chile, proposal No. 61.E-0335. Barbuy et al. (1998a) . In that study it became clear that the inner bulge includes a non-negligible fraction of blue horizontal branch (BHB) clusters. A study in a wider region as far as r ≈ 20
• is necessary in order to understand the distribution of these populations of globular clusters and their membership to the halo or bulge. Minniti (1995) concluded, from density distribution models, that a disk component is not consistent for the inner parts of the globular cluster system, and he predicts the ratio of bulge/halo clusters as a function of distance. At 0.7 kpc (r ≈ 5
• at the Galactic center) 68% of the globular clusters should belong to the halo, while at 3 kpc (r ≈ 20 o ) the expected fraction is 87%.
In the present paper we study Terzan 9 (r = 4.1
• from the Galactic center), which is the last cluster within the 5
• region, still missing a deep CMD, as well as NGC 6139 and NGC 6453, which are, in turn, part of the sample in the surrounding ring 5 • < r < 20
• , located at r = 18.9
• and 5.8
• respectively. As usual in the central parts of the Galaxy, two of the sample clusters, Terzan 9 and NGC 6453 have post-corecollapse structure, which is not the case of NGC 6139, however still a concentrated cluster with c = 1.80 (Trager et al. 1995) .
In Sect. 2 the observations are described. In Sects. 3, 4 and 5 the clusters Terzan 9, NGC 6139 and NGC 6453 are analysed, respectively. The concluding remarks are provided in Sect. 6.
Observations and calibrations
The three clusters were observed in the same night (July 3, 1998) with the 1.5 m Danish telescope at ESO (La Silla). We employed an EFOSC camera equipped with a Loral/Lesser CCD detector C1W7 with 2052 × 2052 pixels. The pixel size is 15 µm, corresponding to 0.39" on the sky, which provides a full field of 13 × 13 . Fig. 1 . V image extractions of Terzan 9: a) whole field (13 × 13 ); b) extraction of 1.6 × 1.6 showing the cluster postcollapse core structure. North is to the top and East to the left In Fig. 1a is shown a full field V 15 min exposure of Terzan 9. Notice the remarkably patchy extinction in the region. We estimated from the field stars variations of A V ≈ 1.5 mag between high and low extinction patches. In Fig. 1b we show a cluster extraction showing the core region. In Fig. 2a we show a V image (3 min exposure) extraction for NGC 6139 where the populous nature of the cluster is evident. Finally, in Fig. 2b we provide a V extraction (1 min exposure) of NGC 6453. The log of observations is provided in Table 1 . Daophot II was used to extract the instrumental magnitudes. For calibrations we used stars from Landolt (1983) and Landolt (1992) .
Reduction procedures in such reddened crowded fields were discussed in detail in a study of Liller 1 and references therein). The equations for the present clusters are: V = 24.24 + v I = 23.09 + i reduced to 1 s exposure time and 1.1 airmass. Due to crowding effects arising in the transfer of the aperture magnitudes from standards to the field stars, the zero point calibration errors are dominant, estimated to be about ±0.03 mag. The CCD shutter time uncertainty (0.3 s) for a typical 10 s exposure time for the standard stars, produces an additional 3% uncertainty, which is propagated to the calibrations of the long exposure cluster frames. The final magnitude zero point uncertainty amounts to ±0.05. The atmospheric extinction was corrected with the La Silla coefficients (C V = 0.16, C I = 0.12 mag/airmass). The zero point of the V filter was checked relative to Hazen-Liller (1984) for NGC 6453, while that for NGC 6139 was done relative to Zinn & Barnes (1998) . Three bright standard stars from HazenLiller, in common to our field, give a difference ∆(Hazenpresent) = 0.015. Three bright stars in common to Zinn & Barnes provide a difference ∆V (Zinn − present) = 0.01 ±0.1 and ∆(V − I)(Zinn − present) = 0.01 ± 0.2. There is agreement between the present and previous calibrations, with no systematic trend.
The globular cluster Terzan 9
Terzan 9 is also designated GCl B1758-268 and ESO521-SC11, and is located at α 1950 = 17 h 58 m 31.2 s , δ 1950 = −26
• 50 23 (l = 3.603 We show in Fig. 4 a 500 × 500 pixel extraction (3.3 × 3.3 ) corresponding to a field CMD located at ∼ 4 east of the cluster (see Fig. 1a ). Besides the blue disk MS, the red HB of the bulge population is clearly seen at V ≈ 20.5 and (V − I) ≈ 3.45. The cluster RGB seen in Fig. 3a corresponds to an underpopulated zone in Fig. 4 . On the other hand the bulge late type giants are seen as a curved RGB extending to very red colours, similar to metal-rich globular clusters such as NGC 6553 and NGC 6528, as well as the Baade Window (Ortolani et al. 1995 and references therein) . This extension is less clear in the cluster field (Fig. 3a) because of a smaller area, crowding in the cluster area, and possibly a higher extinction.
Reddening and distance
The brightest part of the blue HB of Terzan 9 is located at V HB = 20.35 ± 0.15.
We calculate the cluster reddening taking M 30 as reference. By matching the overall sequences (Fig. 3b) we obtain ∆(V −I) = 2.49. Adopting E(V −I)/E(B−V ) = 1.32 (Dean et al. 1978) , this corresponds to ∆(B − V ) = 1.89, and assuming E(B − V ) = 0.06 for M 30 (Barbuy et al. 1998a and references therein), we get E(B − V ) = 1.95, which corresponds to A V = 6.24 (R = A V /E(B − V ) = 3.2).
Adopting an absolute magnitude of the HB for Terzan 9 like that of M 30, M V = 0.66 (Barbuy et al. 1998a and references therein), we get the absolute distance modulus (m − M ) 0 = 13.45 ± 0.2. This corresponds to a distance of d = 4.9 ± 0.7 kpc for Terzan 9.
To derive the Galactocentric coordinates of the cluster, we assume a distance of the Sun to the Galactic center of R = 8.0 kpc (Reid 1993) , to be consistent with Barbuy et al. (1998a) -notice however that Reid (1998) , taking into account Hipparcos data, pointed out that R could be as large as 9.3 kpc. Terzan 9 galactocentric coordinates are X = −3.11 (X < 0 refers to our side of the Galaxy), Y = 0.31 kpc and Z = −0.17 kpc. The distance to the Galactic center is 3.13 kpc, wherefrom we conclude that Terzan 9 is located within the bulge.
Bulge field parameters
We can calculate parameters for the offset field metal-rich bulge population and compare it with those of the metalpoor cluster. The bulge red HB is located at V ≈ 20.8 and (V − I) ≈ 3.55. Using the metal-rich template cluster NGC 6553 as reference (Guarnieri et al. 1998) we get ∆(V − I) = 1.4, corresponding to ∆(B − V ) = 1.06. Assuming E(B − V ) = 0.73 for NGC 6553 (Barbuy et al. 1998a) we derive E(B − V ) = 1.79 for the field of Terzan 9, which corresponds to A V = 5.73 (R = 3.2). For this low Galactic latitude field (l = 3.6
• , b = −2.0 • ) the extinction is much higher than that of the Baade Window (Terndrup 1988) . Assuming M V = 0.95 for a metal-rich HB (Barbuy et al. 1998a) , the distance of the bulk of the population for this bulge field results to be 7.0 kpc. However as pointed out by Barbuy et al. (1998a and references therein) the total-to-selective absorption ratio should increase with the metallicity and a more appropriate value could be R = 3.47 for this high metallicity field, resulting in a distance of d = 5.1 kpc. Considering that the distance to the Galactic center is of about 8 − 9 kpc (Reid 1993 (Reid , 1998 , the possible interpretation is that we are observing a relatively less reddened, foreground part of the bulge, where Terzan 9 would also be embedded (Sect. 3.2). 28. An integrated visible spectrum of NGC 6139 was presented by Bica & Alloin (1986) and the line strengths were consistent with a metallicity [Fe/H] = −1.5 and the continuum distribution with E(B − V ) = 0.70. A photographic B, V CMD of NGC 6139 by Samus et al. (1996) provided E(B − V ) = 0.87 and they estimated a lower metallicity [Fe/H] = −2.0. Hazen (1991) studied the RR Lyrae in the cluster and derived V HB = 17.8, and by Oosterhof group classification she argued that the cluster could be very metal-poor. Recently Zinn & Barnes (1998) studied this cluster by means of CCD V , I photometry and derived E(B − V ) = 0.76, [Fe/H] = −1.71 and a distance d ≈ 10 kpc. In the present study we compare our CMD data with those of Zinn & Barnes (1998) and we derive the parameters with somewhat different methods, in a way consistent with our previous studies.
Colour-magnitude diagrams
We show in Fig. 5a the V , I CMD for a 1000 × 1000 pixel extraction (6.5 × 6.5 ) centered on NGC 6139. The cluster sequences are dominant, with a blue HB and a steep RGB. The spread arises from differential reddening and some crowding effects. The blue disk MS is also present. In Fig. 5b we show a more central extraction (250 × 250 pixels, or 1.6 × 1.6 ) where the cluster sequences are welldefined, because differential reddening and field contamination are minimised. In the latter CMD only uncrowded stars are given. This CMD is suitable for measuring the cluster properties (Sect. 4.2).
Likewise Terzan 9 (Sect. 3) the best template for the giant branch distribution is that of M 30 ([Fe/H] = −2.13), although NGC 6752 ([Fe/H] = −1.54) cannot be ruled out within uncertainties. A compromise is [Fe/H] = −1.80, in agreement with the low metallicity trends found in recent stellar photometric studies (Hazen 1991; Samus et al. 1996; Zinn & Barnes 1998) . Previous integrated studies of this cluster probably included some contamination by metal-rich bulge stars.
Reddening and distance
The brighter parts of the blue HB of NGC 6139 are located at V = 17.98 ± 0.10. By taking M 30 as reference, we derive ∆(V − I) = 1.00, corresponding to ∆(B − V ) = 0.76. Assuming E(B − V ) = 0.06 for M 30 we get E(B − V ) = 0.82 for NGC 6139, which corresponds to A V = 2.62 (R = 3.2).
Adopting for NGC 6139 M V = 0.66, suitable for the cluster metallicity, we get the absolute distance modulus (m − M ) 0 = 14.7 ± 0.15. This corresponds to a distance of d = 8.7 ± 0.6 kpc for NGC 6139.
Assuming instead NGC 6752 as template one would get E(B −V ) = 0.70 and a distance of d = 10.4±0.6 kpc. Giving more weight to the M 30 comparison, we adopt E(B−V ) = 0.77±0.06 and d = 9.4±1 kpc for NGC 6139. These values are comparable to those derived by Zinn & Barnes (1998) .
Assuming a distance of the Sun to the Galactic center of R = 8.0 kpc as above, we get X = 0.89, Y = −2.85 and Z = 1.14. The cluster would be located at R GC = 3.2 kpc from the Galactic center. compilations of Webbink (1985) and Harris (1996) 
Colour-magnitude diagrams
In Fig. 6 we give the V , I CMD for a 1000 × 1000 pixel extraction (6.5 × 6.5 ) centered on NGC 6453. The diagram is dominated by the metal-rich bulge population with a prominent red HB and a curved giant branch extending to very red colours, similarly to the field of Terzan 9 (Fig. 4) , as well as the metal-rich globular clusters NGC 6553/NGC 6528 and the Baade Window (Ortolani et al. 1995) . The blue disk MS is also important in the field of NGC 6453. The steep sequence of giants above the red HB corresponds to NGC 6453.
In order to isolate the cluster sequences we extracted a small circular area (r = 150 pixels or 1 ), for which the V vs. (V − I) CMD is given in Fig. 7 . The spread can be explained by differential reddening and crowding. Nevertheless a blue HB and a steep RGB are clearly seen. Overimposed is the mean locus of M 30, suggesting a low metallicity [Fe/H] ≈ −2.0, although likewise in the case of NGC 6139 (Sect. 4), a fit with the somewhat more metalrich template NGC 6752 cannot be ruled out within errors. Again, as a compromise, we adopt [Fe/H] = −1.8 for NGC 6453. This value is again somewhat lower than those from integrated studies (Sect. 1) for this cluster, which might be accounted for by some metal-rich bulge field contamination.
Reddening and distance
The brighter parts of the blue HB of NGC 6453 are found at V = 17.53 ± 0.15. Adopting M 30 as template, we get Assuming R = 8.0 kpc we derive X = 0.46, Y = −0.63 and Z = −0.57. NGC 6453 would be located at R GC = 1 kpc from the Galactic center.
Parameters for the bulge field
Following Sect. 3.3, we calculate reddening and distance for the surrounding field of NGC 6453.
The bulge Red Horizontal Branch (RHB) is located at V ≈ 17.25 and (V − I) ≈ 0.6.
The template NGC 6553 is more reddened than this field under study. We derive E(B − V ) = 0.46 for the field of NGC 6453, which gives A V = 1.47 (R = 3.2). The bulge extinction in this direction (l = −4.3
• , b = −3.9 • ) is comparable to that of the Baade Window (Terndrup 1988) , which is at a similar Galactic latitude. The distance of the bulk of the population for this bulge field results to be at 9.2 kpc. Adopting R = 3.47, it would result d = 8.7 kpc. This value is consistent with the Galactic center distance estimates (Reid 1993 (Reid , 1998 .
Finally, we note that distances for metal-poor and metal-rich globular clusters towards the bulge, and the bulk of the field population are consistent with the picture of a common volume near the Galactic Center.
Concluding remarks
We point out that in the bulge regions we are dealing with very reddened globular clusters, contaminated by rich bulge/disk fields. The contamination affects more integrated studies than CMDs. On the other hand, since stars of different temperatures are affected differentially by effective passband variations due to reddening (Grebel & Roberts 1995) , CMD distortions are expected. We estimate that the trend will be in the sense of causing steeper RGBs. In order to get a conclusive result on the metallicity, it is required that spectroscopy of individual giants of these clusters be carried out with large telescopes.
Terzan 9, NGC 6139 and NGC 6453 are spatially located within the bulge volume. Since they appear to be metal-poor, it is not clear whether they belong to the bulge or halo population. Kinematical data would help constrain this issue.
In addition to the results for Terzan 9, NGC 6139 and NGC 6453, a series of recent CCD photometries of clusters towards the bulge showed that an important sample has blue horizontal branches, namely HP 1 (Ortolani et al. 1997) , NGC 6522 Terndrup & Walker 1994 , Shara et al. 1998 , NGC 6540 , NGC 6558 , NGC 6256 and NGC 6717 (Ortolani et al. 1999 ). On the other hand, the clusters Tonantzintla 2 , NGC 6380 and Terzan 12 , Terzan 3 and IC 1276 (Palomar 7) (Barbuy et al. 1998b) , also located in the ring 5
• < r < 20
• surrounding the central parts of the Galaxy, show a red horizontal branch (RHB) morphology. In the literature a number of clusters in the region have been studied by means of CCD, such as five RHB ones by Armandroff (1988) .
We point out that most of the BHB clusters appear to have intermediate metallicities (−1.5 < [Fe/H] < −1.0), which we considered to form a family as discussed in Bica et al. (1998) and Rich et al. (1998) . NGC 6517 with [Fe/H] = −1.58 also has a BHB (Kavelaars et al. 1995) . NGC 6287 (Stetson & West 1995) , Terzan 4 (Ortolani et al. 1997a ) and the present clusters Terzan 9, NGC 6139 and NGC 6453 seem to be in the very metal-poor class ([Fe/H] ≈ −2.0). A fundamental question is which ones belong to the bulge or halo. In any case, spectroscopic studies of individual stars combined to proper motion determinations for all the blue HB sample are crucial to understand the early stages of the halo and bulge formation and evolution.
